[1] In 2003, Ekström et al. reported the detection and location of a new class of earthquakes occurring in the polar regions of the Earth. The proposed source mechanism involves large and sudden sliding motions of glaciers, which gave the name ''glacial earthquakes'' to these events. In this study we localize some of these earthquakes with a time reversal mirror (TRM) algorithm, which, contrary to ordinary back projection methods, does not involve testing each possible source location. In TRM localization, an earthquake is located on the basis of only one 3-D spectral element simulation of seismic wave propagation by using the full complexity of recorded data as simultaneous time-reversed sources. We show that on the basis of this approach, even glacial earthquakes with a faint signal can be correctly localized and that the pattern of the time-reversed wavefield is coherent with the motion of glaciers down their valley.
Introduction
[2] Earthquake source duration, t, is empirically related to the scalar moment, M, on the basis of the well-documented scaling relation M / t 3 [Kanamori and Brodsky, 2004] . According to this law, the typical duration of a M = 5 earthquake is 2 s, whereas it is about one minute for M = 8 events. Short-duration sources are most efficient at radiating highfrequency energy in the form of seismic body waves, which are traditionally used in source location algorithms. With the advent of high-quality broadband seismic networks and the development of ''centroid'' location methods using longperiod signals [Shearer, 1994; Ekström, 2001] , earthquakes with source durations longer than expected on the basis of the scaling law have been discovered (although their prevalence is still debated) e.g., ''slow'' earthquakes [Beroza and Jordan, 1990; Shearer, 1994] or ''tsunami'' earthquakes [Kanamori, 1972; Kanamori and Kikuchi, 1993] .
[3] A newly identified type of slow earthquake is the socalled ''glacial'' earthquake, which were first detected by Ekström et al. [2003] . These earthquakes are located in the Earth's polar regions and are large enough to be clearly recorded by existing seismic networks, but went undetected because of their characteristic lack of high-frequency signal. A representative source duration for a glacial earthquake is between 30 s and 1 min for an event of magnitude 4.5 to 5, much longer than expected on the basis of the scaling law. The Ekström et al. [2003] detection algorithm is based on the correlation of long-period (35 -150 s) surface waves.
[4] An additional particularity of glacial earthquakes is that their source mechanisms are not consistent with rupture along a fault plane, i.e., the observed Love and Rayleigh surface wave radiation patterns are not satisfactorily explained by a standard moment tensor mechanism. Instead, the excitation process involves a net transfer of momentum to the Earth by an external force, such as a mass sliding down a slope. The moving mass (ice in the case of glacial earthquakes) induces an acceleration upon the ground. The analysis of this type of seismic energy generation requires a Centroid Single Force (CSF) formulation, which was developed for the study of seismic signals generated by the 1980 Mount St. Helens eruption [Kanamori and Given, 1982; Kawakatsu, 1989] . By performing a CSF inversion of the long-period data generated by a glacial earthquake, Ekström et al. [2003] retrieve a source azimuth that is consistent with the geographical orientation of the downslope glacial valleys. This fact supports their theory that these earthquakes are indeed initiated by the sudden stickslip motions of glaciers in the downhill direction of their valley. These motions are believed to be triggered by increased water pressure at the base of the glacier when partial surface melting occurs. Since the original detection of glacial earthquakes, Ekström et al. [2006] have observed seasonality in their frequency of occurrence, as well as a steadily increasing rate of events ascribed to global warming. An array campaign conducted during the 2003 -2004 austral summer facilitates the study of smaller events also involving ice-bedrock interaction [Danesi et al., 2007] .
[5] In this article we use the time reversal mirror (TRM) method to locate and characterize the source of glacial earthquakes. The TRM method exploits the fact that wave information recorded at a particular receiver can be sent back in reverse time to the source along the same path that the wave travelled from this source to the receiver during forward propagation. This property of waves is due to the time invariance of the elastic wave equation in combination with source-receiver reciprocity. Sending back recorded information is an idea which has long been used in seismic migration algorithms [Baysal et al., 1983; McMechan, 1983; Loewenthal and Mufti, 1983; Tarantola, 1988] , and is nowadays used in ''adjoint'' imaging methods, which combine the forward and backward wavefields to obtain sensitivity kernels for tomographic inverse problems [Tarantola, 1984; Tromp et al., 2005; Fichtner et al., 2006; Liu and Tromp, 2006; Tape et al., 2007 ; Q. Liu and J. Tromp, Finite-frequency sensitivity kernels for global seismic wave propagation based upon adjoint methods, submitted to Geophysical Journal International, 2008]. In TRM source location and imaging, a movie of the wavefield collapsing back on to the source is constructed by sending back time-reversed recorded seismic or acoustic signals from the receivers. The localization of seismic energy is used to pinpoint the source in time and space, generally by searching for the maximum of either the backward wavefield or its envelop. This approach has been used successfully in acoustic laboratory experiments [Fink, 1996 [Fink, , 1997 . For global or regional seismic applications, back propagation of the time-reversed recorded data has to be carried out numerically. To obtain sharp localization, accurate 3-D shear and compressional wave speed models as well as an efficient numerical method are required. The first attempts at seismic source location based upon time reversal were limited to simple wave speed models [McMechan, 1982; Chang and McMechan, 1991] or to acoustic problems [Rietbrock and Scherbaum, 1994] . With the development of efficient 3-D wave propagation techniques, which can deal with complex geologic models, and increased compute power, time reversal imaging is now a feasible alternative to other source location methods, as demonstrated by purely numerical tests [Gajewski and Tessmer, 2005] . For example, location and imaging of the rupture of the 2004 Sumatra earthquake based upon time reversal of data recorded by the Global Seismographic Network was accomplished by Larmat et al. [2006] . One of the advantages of TRM is that it can deal with large amounts of data without picking particular phases in individual seismograms, because it exploits the complexity of the entire waveform.
[6] In this article we begin by presenting the numerical model and methodology used for TRM source location. In subsequent sections the source mechanisms of four glacial earthquakes from the catalog of Ekström et al. [2003] are investigated.
Time Reversal Imaging of Long-Period Earthquakes
[7] In the TRM method, an approximate reverse animation of the forward propagation is reconstructed from the time-reversed seismic signal recorded at a finite number of receivers. Specifically, the stations that recorded the event become simultaneous point forces that transmit on each component the observed signal in reverse time. Because the seismograms are ''upside-down'', the late arriving phases have more time to come back to the original source than early arriving phases. Reciprocity tells us that the only point in space and time which is consistent with all phases is the original source. An example of the signal that is sent back from the receivers is shown in Figure 1 . We refer to these signals as the ''adjoint sources'' and to the resulting wavefield as the ''adjoint wavefield'', in reference to adjoint methods [Tromp et al., 2005] in which the backward wavefield is the ''adjoint'' of the forward wavefield. In section 2.1 we present the numerical model used for the back propagation.
Numerical Model
[8] Because TRM source location is not a trial-and-error method, only one simulation is necessary to locate a source, complete, though costly, numerical methods can be used for the back propagation. The quality of the focusing obviously depends on the quality of the 3-D wave speed models in conjunction with the accuracy of the 3-D simulation of seismic wave propagation, which together need to coherently ''bring back'' all phases onto the source point at the right moment. In this study we use the spectral element package SPECFEM3D to simulate global seismic wave propagation [Komatitsch et al., 2002; Komatitsch and Tromp, 2002a , 2002b . The spectral element method combines the flexibility of the finite element method with the convergence and accuracy of spectral methods. The entire globe is divided into a mesh of hexahedral elements. This mesh respects all the major seismic discontinuities of the Earth, and the grid size increases with depth in order to accommodate the increasing wave speeds with depth. Anelastic wave propagation in the solid Earth (crust, mantle, and inner core) is matched at the core-mantle and inner core boundaries with acoustic wave propagation in the liquid outer core. The method takes into account the Earth's ellipticity, topography on the free surface, rotation, attenuation, as well as static loading due to the weight of the oceans. Most of the simulations were performed on the basis of 3-D mantle model S20RTS [Ritsema and Van Heijst, 2000] without attenuation.
Data
[9] Amongst the operating stations of the various networks comprising the FDSN [Romanowicz and Giardini, 2001 ], we work with data from about 100 stations with the lowest noise levels. Most of the selected stations are part of permanent networks, such as the GSN, Geofon and Geoscope, but some stations were part of the temporary experiment BEAAR [Stachnik et al., 2004] . The selected stations provide sufficient azimuthal coverage relative to the areas where glacial earthquakes occur.
[10] The period range used in this study was determined with the help of a basic spectral analysis. Ekström et al.
[2003] used long-period signals between 35 s and 150 s. Most of the traces we examined display no noticeable signal above periods of 90 s. Therefore, after deconvolving the instrument response to obtain ground displacement, we bandpass the data between 55 s and 90 s. The lower limit was chosen to limit the compute cost. In this period range the vertical component is dominated by the Rayleigh surface wave. Because of signal-to-noise limitations, we restrict ourselves to first arriving surface waves, and thus only the first hour of vertical component data is time reversed and broadcast.
Synthetic Tests
[11] To develop intuition and experience with TRM in the context of glacial earthquakes, we first conduct purely synthetic tests in which the forward and backward propagation are both performed numerically. Our initial synthetic tests showed that it is better to disregard the stations closest to the source point. The signal recorded at those stations can exhibit very large amplitudes, which dominate the reconstructed wavefield during the TRM computations. We thus discard receivers that are less than two wavelengths from the source, which corresponds to a distance of about 10°. A highly uneven station distribution (in this case 91 stations) can also affect the focusing, as illustrated by the synthetic test displayed in Figure 2a , where for a simple explosion the high density of broadcasting stations in North America induces a stretching of the focal spot in a direction orthogonal to the azimuth from which most of the seismic energy has travelled back (i.e., North America). In order to minimize this bias, the broadcast signal is weighted according to the level of isolation of each station. The Earth's surface is divided in Voronoi cells: each tile around a station is the area constituted by all points for which this station is the closest amongst the set of all stations. The seismic signal is then multiplied by a factor proportional to the area of the cell associated with a particular station. When the collective signal is weighted in this way, the effect of a highly uneven station distribution can be efficiently minimized (Figure 2b ).
The location of the source clearly appears as a focal spot on a map of the norm of the reconstructed velocity wavefield.
[12] Finally, maps of the vertical component of the velocity wavefield due to a single force applied at the surface for a pure strike-slip mechanism are shown in Figures 2c and 2d . The point source coordinates are: latitude 63.5°N, longitude 152.25°W for Figures 2a, 2b , and 2c and latitude 3.0°N, longitude 94.26°E, and a depth of 28 km for test in Figure 2d . The source mechanism can be retrieved by looking at the map of the vertical component of the reconstructed velocity wavefield, which displays two-lobed or four-lobed polarity patterns depending on the source mechanism.
Time Reversal Imaging of Glacial Earthquakes
[13] To illustrate the method, we chose four events amongst the glacial earthquakes reported by Ekström et al. [2003] . They differ in location, magnitude, and the a priori direction of glacier sliding motion (see Table 1 ). We note that in this paper we focus on the spatial location of the earthquakes. All maps are drawn at the theoretical focus time around which the seismic signal exhibits a maximum in most of the cases. Additional material is available at http:/ www.gps.caltech.edu/$carene/GLA.html.
The 4 September 1999, M = 5.1 Alaska Event
[14] We first apply the TRM method to 1 h of the longperiod seismic data recorded after the glacial earthquake which occurred on 4 September 1999, in Alaska, as deter- Figure 2a , the shape of the focal spot that appears in the maps of the norm of the adjoint velocity wavefield at the focus time is not perfectly circular around the actual source location due to the high density of stations in North America. In Figure 2b Directions of glacial valleys were deduced from topographic images.
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LARMAT ET AL.: TIME REVERSAL ON GLACIAL EARTHQUAKES mined by Ekström et al. [2003] . The broadcast signal is shown in Figure 3a , where the reference time of 0 s correspond to the approximate arrival of the Rayleigh wave for each time series. A total of 89 stations were selected on the basis of the quality of the recorded signal. A coherent Rayleigh wave is clearly visible throughout the record section. The norm of the reconstructed velocity wavefield at the theoretical focus time (i.e., at the origin time) is displayed in Figure 3b , and the vertical component of the reconstructed velocity wavefield is shown in Figure 3c . At the expected focusing time, the highest amplitude signal is concentrated around the source point. The point with the highest amplitude is about 1.1°East from the epicenter determined by Ekström et al. [2003] (see Table 1 ). This discrepancy can be explained by the intrinsic resolution limit of TRM location given the frequency content of the (Table 1) .
data and the fact that the theoretical focus time is perhaps not the actual focus time. The intrinsic resolution limit of TRM location is that the focal spot diameter is at best one wavelength, due to the diffraction limit. Because the shortest period we work with is 55 s, the location resolution is about 2.1°. The vertical component of the reconstructed velocity wavefield displays a lineation coherent with the supposed glacier motion, which has an azimuth of 138°.
[15] In Figure 3d we show the norm of the reconstructed velocity wavefield when the horizontal channels of 25 stations with a good signal-to-noise are rebroadcast in addition to the 89 vertical channels. The resulting brightness of the focal spot has not significantly improved, and its location is the same. Because the next events are even weaker, we expect noisier horizontal components. So, we chose to only use vertical components to determine the TRM locations of the next three events.
The 28 December 2001, M = 5.0 Greenland Event
[16] Figure 4 shows the recorded seismic signals and a map of the reconstructed wavefield for the 28 December 2001, Greenland event. We use a total of 98 stations. This time the location is 0.56°off compared to the Ekström et al.
[2003] epicenter. The lineation displayed by the vertical component of the reconstructed velocity wavefield is parallel to the Greenland coast, and indicates glacier motion with an azimuth of 135°consistent with the observed glacial valley orientation (see Table 1 ).
The 26 December 2001, M = 4.7 Greenland Event
[17] The Greenland glacial earthquake which occurred on 26 December 2001, is the smallest of the four earthquakes in this study. The seismic signal is barely above the noise level, as shown in Figure 5a . The adjoint wavefield displays nonetheless two local extrema, close to the location determined by Ekström et al. [2003] (the maximum is about 0.5°o ff; see Table 1 ). The vertical component of the reconstructed velocity wavefield shows a local maximum (bluest spot) and a local minimum (reddest spot) which are aligned along an approximate azimuth of 130°(see Figure 5c ). This line is almost perpendicular to the Greenland coast and is coherent with the orientation of the glacial valley in this area.
The 21 December 2001, M = 4.8 Greenland Event
[18] The seismic signal generated by the Greenland earthquake which occurred on 21 December 2001, has a slightly different frequency content than the previously studied events. First, we noticed that no signal was observable above the noise level in the period range from 55 s to 90 s. By performing a Fourier analysis of the time series, we determined that most of the seismic signal has periods between 90 s and 150 s. Therefore we performed TRM location by broadcasting the seismic signals in this period range, and found a location which is clearly off the position determined by Ekström et al.
[2003] (see Table 1 ). As for (Table 1) . the polarity of the vertical component of the adjoint velocity wavefield, it does not display a simple two-lobed pattern (see Figure 6d ). Instead, a much more intricate pattern is observed, which might suggest either a mechanism other than a CSF or a problem in the resolution of the imaging method (e.g., a locally incorrect wave speed model or poor station coverage).
Discussion
[19] By numerically broadcasting time-reversed seismograms from the recording stations, we approximately reconstruct a movie of wave propagation from the receivers back to the source point. on the basis of this reconstruction of the wavefield, the locations of four glacial earthquakes selected from the catalog of Ekström et al. [2003] are correctly retrieved, even when the responsible phases are not clearly visible in individual seismograms. This process of source localization is feasible because the time reversal Method (TRM) naturally enhances the signal-to-noise ratio [Gajewski and Tessmer, 2005] ; all coherent phases broadcast from different stations constructively interfere at the location and origin time of the original source, which is not the case for the noise. The same idea of stacking coherent information is exploited in the source-scanning algorithm of Kao and Shan [2004] and in the back-projection method [e.g., Ishii et al., 2005] . All these methods enhance the signal-tonoise ratio by using a large number of stations. However, the TRM method also exploits the complexity of the medium, because additional phases will enhance the focus [Draeger et al., 1999; Blomgren et al., 2002] . This capacity of exploiting all coherent phases in the time series explains why TRM is such a robust method, which has proven to be successful in acoustics [Fink, 1996] and for wave propagation in solids. Classical detection methods, including the back-projection method, require the correct identification and correlation of a particular onset at different seismic stations (e.g., high-frequency body wave arrivals); this is not a restriction for the TRM.
[20] The vertical component of the reconstructed velocity wavefield displays systematic two-lobed patterns, which are coherent with the actual source mechanism, reflecting the supposed direction of glacier motion. The determination of the actual direction of motion is far more arduous, because the polarity of the maximum depends on the properties of the original source time function (which determines the sign of the signal at the focus). We have performed a series of synthetic tests which demonstrate that the polarity of the maximum is coherent with the sliding motion when the properties of the original source time function are well constrained. For the glacial earthquakes studied here, we do not have a well-reconstructed source time function in (Table 1) .
order to systematically validate the observed polarities. The limited reconstruction comes first from the small signal-tonoise ratio in the data, and second from the fact that the time history of a sliding event might be much more intricate than a simple two-lobed or impulsive source. For the two weakest events, determination of the direction of glacier motion is more difficult. We find that the 21 December 2001, glacial earthquake shows two particularities compared to the other events: TR imaging does not produce a simple two-lobed pattern and the spectral content is enhanced at long periods (mainly between 90 s and 150 s). We note that the interpretation of the radiation image provided by TR is not unique. Different source mechanisms produce the same radiation pattern and different physical processes will produce the same apparent source mechanism for the seismic wavefield. Various hypothesis have been proposed for the origin of glacial earthquakes (e.g., gliding along the basal surface or rolling), but the determination of the dynamics of the glacier is beyond the topic of this paper.
[21] The main advantage of TR is that it allows an almost automated location in space and time of seismic events with no a priori assumptions about the source. The parts that are currently not automated involve data selection and preprocessing and monitoring of localization. Fairly homogeneous azimuthal coverage, a large quantity of high-quality threecomponent seismograms, and good 3-D wave speed models are the key ingredients for successful source location and characterization. (Figures 6a and 6b) , the maximum and minimum in the velocity wavefield hint at the correct direction of glacier motion (along the glacial valley, roughly perpendicular to the coast). Glacier motion is more difficult to observe for the two weakest events (Figures 6c and 6d) .
